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TECHNICAL CONTENT STATEMENT 


This report was prepared as an account of work sponsored by 
the United States Government. Neither the United States nor the United 
States Department of Energy, nor any of their employees, nor any of their 
contractors, sub -con tractors, or their employees, makes any warranties, 
express or implied, or assumes any legal liability or responsibility 
for the accuracy, completeness or usefulness of any information, apparatus, 
product or process disclosed, or represents that its use would not in- 
fringe privately owned rights. 

NEW TECHNOLOGY 

No new technology is reportable for the period covered by this 

report . 
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1. SUMMARY 


This is the 14th quarterly report of a DOE/JPL sponsored 
program designed. to assess the effects of , impurities, thermochemical 
processes and any impurity process interactions on the performance of 
terrestrial silicon solar cells. The data developed form a basis for 
cost benefit analyses by the producers and users of Solar Grade Silicon, 

The Phase III effort encompases .(1) potential interactions, 
between impurities and thermochemical processing of silicon, (2) impurity- 
cell performance relationships in n-base silicon, (3) effect of contaminants 
introduced. during silicon production, refining or crystal growth on -cell 
performance, (4) effects of non-uniform impurity distributions in large 
area silicon wafers, and (5) a preliminary study of the permanence of 
impurity effects in silicon solar cells. 

Phosphorus oxychloride gettering of low resistivity ingots 
(0.2 Q cm) infused with Ti produced cell efficiency improvements virtually 
identical to those observed during gettering of 4 Q cm material bearing 
Ti. For example, the uncoated cell efficiency rose to 6,2% (after 5 hours 
treatment at 1100°C) compared to an untreated value of 4.4%. A low 
resistivity Mo-doped ingot exhibited no improvement in cell efficiency 
after a similar gettering cycle; this was consistent with previous data 
for 4 ft cm Mo -doped silicon. 

Deep level transient spectroscopy (DLTS) and detailed I-V 
measurements made on gettered Ti-doped solar cells indicate that as 
cell performance improves, bulk lifetime increases and the density of Ti 
recombination centers (E^ + 0.3 eV level) diminishes. Thus gettering 
deactivates the recombination centers rather than changing the level of 
the recombination center. The Ti trap density fell by about a factor 
of four after gettering for 5 hours at 1100°C , 



Studies of potential impurity anisotropy in 3 inch Mo and Ti -doped 
wafers were extended to provide detailed edge to center and - seed to tang . 
maps of cell performance. No systematic or preferential impurity 
distribution was noted save for a slight seed to tang buildup due to 
impurity segregation during crystal growth. Performance variation across 
or along the ingots was within +_ 10% of the average ingot cell efficiency. 
This was consistent with the map of ingot bulk lifetime which indicated 
the maximum variation of impurity content to be less than a factor of two 
in both types of ingots. 

Initial studies of impurity aging effects on solar cells have 
been completed for temperatures up to 800°C and for times as long as 100 hours. 
No cell performance degradation due to aging effects in Mo or Ti-doped 
cells was noted even at the longest times and temperatures. However, 
cell efficiency reduction did occur in contacted cells after 10 hours 
at 500°C due to inter'diffusion of the contact metals and silicon base 
material . 
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2 . INTRODUCTION 

This is the 14th quarterly report .describing activities 
conducted under JPL Contract 954331. Phase III of this program is 
entitled"An -Investigation of the Effects of Impurities and. Processing 
on- Silicon Solar Cells." 

The objective of this program is to determine how various 
processes, impurities, arid impurity-process interactions affect the • 
properties of silicon and the performance of terrestrial solar cells 
made from silicon. The development of this data base permits the 
definition of the tolerable impurity levels in a low-cost Solar Grade 
Silicon. The data further provide the silicon manufacturer with a 
means to select materials of construction which minimize product 
contamination and permit the cost-effective selection of chemical 
processes for silicon purification. For the silicon ingot, sheet; or 
ribbon manufacturer, the data suggest what silicon feedstock purity 
must be selected to produce wafers suitable for cell production and 
what furnace materials minimize wafer contamination: the cell manufacturer 
may use the data to define an acceptable wafer purity for cell processing 
or to identify processes which minimize impurity impact on efficiency. 

In short, the data provide a basis for cost-benefit analysis to the 
producers and users of Solar Grade Silicon. 

The Phase III effort encompasses five major topics, several 
of which represent new directions for our work: (1) examination of the 
interaction of impurities with processing treatments, (2) generation of 
a data base and modeling of impurity effects in n-base solar cells, (3) 
extension of previous p-base studies to include impurities likely to be 
introduced during silicon production, refining or crystal growth, (4) 
a consideration of the potential impact of anisotropic (nonuniform) 
impurity distribution in large Czochralski and ribbon solar cells and. 
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(5) a preliminary investigation of the permanence of impurity effects 
in silicon solar cells. 

During this quarter we have (1) examined in detail the 
mechanisms responsible for impurity deactivation during high temperature 
gettering treatments, (2) evaluated the seed to tang and center to edge 
variation in Czechralski ingot properties for commercial-size ingots 
doped with Ti and Mn, and (3) assessed aging effects in solar cells 
doped with Ti or Mo. We have also continued our analyses of impurity 
effects on crystal structure breakdown, and the monitoring of ingot 
lifetimes by photoconductive decay lifetime measurement before- and after 
processing. The highlights of this work are described below. 
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3. TECHNICAL RESULTS 


3.1 Growth and Evaluation of Silicon Ingots 

Major objectives of this activity have been to provide ingots 
purposely contaminated with controlled additions of metal impurities for 
subsequent electrical and solar cell evaluation and also to assess the 
effects of impurities on ingot microstructure. During this quarter, 
besides the preparation and analysis of Czochralski ingots, we have also 
estimated the segregation coefficient of Co in silicon and measured the 
critical melt impurity concentrations of Co, W, and Fe at which loss of 
single crystal structure occurs. 

3.1.1 Ingot Preparation 

Seventeen ingots (W155 to W171, inclusive) were grown by 

Czochralski pulling, using the same techniques and conditions described 

1 2 

in previous reports. 5 Five of these were second and third generation 
ingots doped with phosphorus and one or more metal impurities to complete 
the data base on impurity effects in n-base solar cells. The remainder 
of the crystals included ingots designated for synergy studies, studies 
of materials of construction, and compensation experiments. 

All ingots, target impurity concentrations, impurity concen- 
trations based on melt analysis and impurity concentrations measured by 

2 3 

spark source mass spectrometry * are listed in Appendix 1. Table 1 
shows our best estimates of the impurity concentrations for the ingots 
grown to date. These latter values are used in all modeling calculations 
and experimental correlations. 
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Table 1 . Best Estimate of Impurity Concentrations 


Ingot Identification 

W-129-00-000 (7-6 cm) 

W-130-00-000 (7.6 cm) 

W-131-Mn-008 (7.6 cm) 

W-13 2-Ta-003 

W-133-00-000 C 

W-134-T1-009 

W-135-Fe-005 

W-136-Fe-006 

W-137-Ti-010 

W-I38-Mo-003 

W-139-MO-006 

W-140-Ti-001 (7.6 cm) 

W-141-Mo/Cu-001 

W*-142-00-PQ0 

W*-143-Ti-002 

W-144 -Mo-001 

W-145-W-001 

W-146-Co-OOl- 

W-147-N/N1-002 

W-148-N/Mn-002 

W-149~N/Fe-003 

W-150-N/V-003 

W*±-151-00-000 

W**-152-Ti-001 


Best Estimate of 
Impurity Concentration 
(X10* 5 atoms/cm 3 ) 

NA 

NA 

0.55 

. 0.0002 

NA 

0.05 

1.0 

0.3 

0.21 

0.001 

0.0042 

0.18 

0.004/4:00 

NA 

- 0.20 
0.004 
<0.15 
1.7 
0.40 
0.60 
0.60 
0.03 
NA 
0.21 
0.013 


W-153-N/Ti-003 
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Table 1, Best Estimate of Impurity Concentrations Cont. 


Ingot Identification 

Best Estimate of 
Impurity Concentrations 
(X lCr 5 atoms/cm 3 ) 

W-154-N/ Cr-003 

0.50 

W-155-N/Mo-001 

0.001 

W-156-N/Mo-002 

0.004 

W-157-N/Ti/V-001 

0.10/0.10 

W-158-N/Ti/V/Cr-001 

0.05/0.05/0.60 

W-159-N/ Cr/Mn/Ti/V-001 

0.30/0.30/0.03/0.02 

W*-160-Ti-001 

0.20 

W**-161-Ti-002 

0.02 

W-162-Ni/Ti-OOl 

1.0/0.20 

W-163-Ni/V-001 

1.0/0.27 

W-164-Ni/Mo-OOl 

1.0/0.004 

W-165-CO-002 

0.11 

W-l66-Fe-007 

0.9 

W-167-Nb-001 

Processing 

W*-168-Ph-002 

110 

W*-169-Ph-004 

13 6 + 

W-170-Ph-005 

Processing 

W-171-W-002 

Processing 


* Asterisk indicates low resistivity p-type ingot (<_ 1 ft-cm) 

** 30 ft- cm p-type ingot 

+ Value based on resistivity measurement 
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3 . 1 ..2 Ingot Evaluation 


The resistivity and etch pit density for each ingot (Appendix 2) 

continue to fall close to the norms established throughout the course 

of Phases I and II of this program. As before, we note that the 

dislocation densities measured toward the seed end of the ingots are 

similar to those of the material fabricated into solar cells. Structural 

1 

breakdown often occurs near the tang end of the heavily-doped ingots. 

The carbon and oxygen concentrations of each odd numbered 

ingot were measured by infrared absorption. The amplitude of the 

- 1-1 - 

-absorption peaks at 606 cm and 1107 cm is proportional to the carbon 

and oxygen concentrations, respectively. The constants of proportionality 

2 

used in these measurements were 2.2 for carbon and 9.6 for oxygen. 

Typical carbon and oxygen concentrations in Czochralski grown material 

are in the range of 2.5 to 5x10*^ atoms/cm^ for carbon and 50 to 150x10^ 

3 

atoms/cm for oxygen. We found no significant deviations from these 
values in the ingots produced this quarter (see for example. Appendix 3). 

3.1.3 Segregation Coefficients of Co and W 

In a previous report^ we described the results of ingot and 
melt analyses which placed an upper limit on the segregation coefficient 
of cobalt in silicon at l.lxlO - '* and of tungsten at 1.6xl0~ . The limits 
were based on our inability to detect Co or W by spark source mass 
spectroscopy in the most heavily-doped ingots so far produced. 

The detection of cobalt in a silicon spectrum by mass spec- 
troscopy is hindered by the intense silicon background produced by the 
lines of Si + at m/e. - 28 and 29. ^ By cutting the photoplate at the 
position of the Si 28 line prior to exposure it was possible to eliminate 
enough of the Si background to detect the Co line at m/e - 29 1/2 . 

This analytical result set the Co concentrations of ingot W146 at 

S.SxlO 1 atoms cm * Dividing this value by the measured melt concen- 
20 -3 

tration 1.5x10 atoms cm yields a Co segregation coefficient for 

— 

Czochralski pulling of 3.7x10 
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Additional mass spectrographic evaluation of W-doped ingot 

W145 did not provide as salutary a result as that for Co. Even prolonged 

exposure of samples from the tang end of the ingot failed to reveal lines 

attributable to W. We, therefore, presently place the best. estimate of 

12 -3 

the impurity concentration for ingot W145 at about 1x10 cm based on 

-8 5 

a segregation coefficient of 1x10 estimated for tungsten. 

Additional analyses of ingots bearing Co and W (as well as 
Mo, Ta, Fe, Ti, and Ni) will be carried out by sensitive neutron 
activation analysis. This data should provide a firmer foundation for 
the segregation coefficient values. 

3.1.4 Structural Breakdown Via Constitutional Supercooling 

The breakdown of a nlanar single crystal- liquid interface to 

a cellular nolvcrvstalline morphology is well documented in ceramics, 

metals and semiconductors. For Czochralski growth of silicon we showed 
* * 

that the critical liquid impurity content C for which breakdown occurs 

2 ^ 

is given by an equation of the form 


* 


C 


l 



( 1 ) 


where D is the liquid diffusion coefficient of an impurity, m the 
liquidus slope of the phase diagram, r the crystal radium (cm) and V 
is the growth velocity (cm/sec) . The expected variation in critical 
impurity concentration with growth speed is graphed in Figure 1 for 
different crystal radii. Superposed on the curves are data for our 
typical 3.2 to 3.5 cm diameter ingots. doped with Co, W and Fe, respectively. 
The data were obtained from observations of the location in an ingot at 
which structural breakdown occurred, the measured volume fraction of the 
melt frozen and the measured melt impurity concentration. The measured 
and calculated breakdown concentrations are in good agreement for these 
impurities. - The data .are also consistent with previous results for 

1 2 

other impurities:' * breakdown at 7-8 cm/hr growth rates occurs at 

20 -3 

impurity concentrations near 10 cm for these 1.6 to 1.7 cm radii ingots 
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3.2 Processing Studies 


3.2.1 Effect of Thermochemical Processing on the Performance 
of Impurity-Contaminated Solar Cells 

The treatment of silicon wafers at elevated temperatures in the 
presence of a chemical species such as POC£^ or HC£ provides a mechanism 
to neutralize, or getter, contaminants subsequent to the crystal growth 
operation. In principle, the method may be used to improve the performance 
of solar cells fabricated on impurity-bearing material. We are carrying 
out a series of experiments to identify the magnitude and temperature- 
time sensitivity of gettering effects for impurities like Ti which are 

12 

known to degrade solar cell efficiency.. ’ 

The experimental approach was to subject impurity-doped and 
uncontaminated baseline wafers to various thermal treatments in the 
presence of POC£g or HC£ after which the gettered surface was etched 
off. The gettered wafers, fabricated into solar cells via our standard 
process, were then tested and the results compared to the performance 
of the baseline devices.. 

The first results of this study, P0C£ gettering of 4 ft cm Fe, 

5 4 

Ti and Mo-doped ingots, were reported in the last quarterly report. 

The key data are reproduced in Figure 2 to facilitate some of the 
discussion which follows below. Briefly, the conclusions derived from 
that work were that for gettering temperatures in the range 950 to 1100°C 
and time periods up to five hours: 

1. The cell performance of the Mo-doped ingots was improved 
little, if at all, by P0C£g gettering. 

2. The cell efficiencies of the two Ti-doped ingots improved 
considerably but very extended times or high temperatures 
would be required to promote recovery to the baseline 
efficiency values. 

3. The efficiency of the Fe-doped ingot recovered to that 
of the baseline value. 
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4. The baseline ingot efficiency degraded somewhat at the 
higher gettering temperature; if this phenomenon were 
intrinsic it could place an upper limit *on the effective- 
ness of P 0 C &2 treatments to improve cell efficiency. 

The PCO^ gettering experiments have been extended to evaluate 
the impact of base resistivity as well as impurity content on gettering 
response. Wafers from two. low resistivity (0.2 Qcm) ingots, 

W143Ti002 (2xl0 14 cm" 3 Ti) and W144Mo001 (4xl0 12 cm' 3 Mo), were processed 
along with low resistivity baseline ingot W142-00-000 at the following 
times and temperatures: 

1 hr at 950°C 

1 hr at 1000°C 

1 hr at 1100°C 

2 hrs at 1100°C 

3 hrs at 1100°C 

4 hrs at 1100°C 

The cell performance data for each condition as well as for 
the untreated material are listed in Tables 2 and 3. In the tables, the 
designation B refers to the baseline ingots, I to the impurity-doped 
ingots and I/B to the ratio of the performance values for the impurity - 
doped and the baseline materials, respectively. 

The data for the low resistivity Ti ingot (W143) , Table 2, is 
in general agreement with the trends established earlier for the 4 ftcm 
ingot W137 which contains the same nominal Ti content. After 5 hours 
treatment at 1100 C,the uncoated efficiency of ingot W143 increased to 
6.43% from the untreated value of 4.42%. 

This trend is illustrated graphically in Figure 3 where the 
relative efficiencies (n/n baseline) are plotted for ingots ltfl43 and 
W137 as a function of treatment temperature for a one hour gettering 
cycle. The relative efficiency of the low resistivity devices improves 
to 0.63 from the untreated value of 0.46. The slope of the lines for 
Ti gettering in the low and high resistivity material is approximately 
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TABLE 2 - PC0 3 GETTERING - LOW RESISTIVITY Ti INGOT 

Ingot W143Ti002 (2xl0 14 cm" 3 Ti; 0.2 flcm) 

Baseline Ingot W14200 000 


TREATMENT 


isc.O^) • 

Voc (V) 

. FF 

EFF*(%) 

T OCD Cusec) 

NONE 

B 

20.40 

.598 

.752 

9.69 

’ 1.8 


I 

10.90 

.525 

.728 

'4.42- 

1.1 


I/B 

.534 

.878 

.968 

.456 

. .611 

1 Hr. 0 950°C 

B 

20.47 

.599 

.752 

9.76 

5.2 ' 


I 

11.68 

.539 

.748 

4.99 

1.5 ' ' 


I/B ' 

.571 

.900 

.995 

.511' 

1 .288 


1 Hr. 0 1000°C B 

20.44 

.594 

.708 

9.09 

1.1 

I 

11.60 

.541 

.755 

5.01 

1.5 

I/B 

.567 

".910 

1.07 

.551 

1.36 


1 Hr. 0 1100°C B 

20.50 

.595 

.7-11 

9.18 

1.2 

I 

12.96 

.551 

.739 

5.58 

1.3 

I/B 

.632 

.926 

1.04 

.608 

1.08 


2 Hr. 0 1100°C 

B 

20.5? 

.596 

.774 

10.12 

1.5 


I 

13.04 

.549 . 

.739 

5.65 

1.4 • 


I/B 

.633 

.921 

.955 

.558 

.933 

3 Hrs. 0 1100°C 

B 

20. 70 

.598 

.758 

9.93 

1.6 ' 


I ‘ 

13.68 

‘ .560 

.756 

- • 6.12 

1.0 

- ’ 

.I/B 

.661 

.936 

1.00 

.616 

.62 

5 Hrs. 0 1100°C 

B 

20.37 

.602 

. 766 

9.92 

1.6 


I 

. ' 13.90 

.554 

.756 

6.23 

1.1* 


-I/B 

.682 

.920 . 

.987 . 

.628 

. .687 


* 

AMI; no AR coating 
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TABLE 3 - POC&j GETTERING - LOW RESISTIVITY Mo INGOT 


12 -3 

Ingot W144Mo001 (4*10 cm IVfo * Q.2 ficm]) 





* 






Baseline Ingot W14200 000 




TREATMENT 


, ISC C^A) 

VocOO 

FF 

EFF*(%) 

T 0CD Osec) 

NONE 

B 

20.40 

.598 

.752 

9.69 

i.8 


I 

17.46 

.539 

.642 

6.46 

.71 


I/B 

.856 

.901 

.854 

.667 

.39 

1 Hr. 8 950°C 

B 

20.57 

.585 

.735 

9.47 

1.2 


I 

17.20 

.569 

.709 

7.34 

1.0 


I/B 

.836 

.973 

.965 

.775 

.83 

1 Hr. e 1000°C 

B 

20.10 

.597 

.788 

10.00 

1.69 


I 

16.45 \ 

.540 

' .622 

5.80 

.4 


I/B 

.818 

.905 

.789 

.580 

.24 

1 Hr. §-1100°C 

B 

20.30 

-.601 

.784 

10.11 

1.56' 


I 

17.00 

.550 

.595 

6.00 

.7 


I/B 

.837 

.915 

.759 

.593 

* .45 

2 Hrs. @ 1100°C 

B 

20.57 

.600 

.775 

10.11 

2.6 


I 

17.50 

.558 

.556 

5.74 

.5 


I/B 

.851 

.930 

.717 

.571 

.19 

3 Hrs]. S 1100°C 

B 

T 

20.40 

.599 

.769 

9.94 

1.6 


1 

I/B 

- 


- 

- 


5 Hrs. § 1100°C 

B 

T 

20.40 

.600 

.769 

9 * 95 

i.5 


I/B 

3 

- 

- 

- 

- 



* 

AMI; no 

AR coating 
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Figure 3 Variation in the normalized efficiency of low and high resistivity- 
Ti-doped ingots with\P0C£,„ gettering (1 hours) 

J / 



the same suggesting that the same mechanism of impurity deactivation 
operates for both ingots over the range of temperatures studied so far. 
Again the trends depicted in Figure 3 imply that long times and high 
temperatures would be required to achieve cell efficiencies comparable 
to the baseline material if ingots initially contain high Ti concen- 
trations . 

The cell data for the low resistivity Mo-doped material 

* 

(ingot W144) , Table 3, also parallel the results obtained earlier for 
the 4 ftcm ingot. There is little noticeable improvement in cell 
efficiency even at the longest treatment time and highest temperature. 

We noted considerable scatter in the data. Moreover, specimens treate.d 
for 3 hr and 5 hr periods at 1100°C exhibited uncoated efficiencies of 
1% or below. The latter result may be real or due to processing faults. 

In either case the small impact of gettering on both the low and high 
resistivity Mo-doped material at 1100°C suggests that little further 
benefit will be gained by repeating the runs. 

4 

We, also note that unlike the first experiments we found no 

degradation in the baseline properties of the 0.2 ftcm control ingot 
* 

(W142) due to gettering. This aspect of the experiments will be 
examined in future studies. 

Besides PCO^ gettering we have also performed HC£ gettering 
on 4 and 0.2 ft cm ingots doped with Fe, Ti and Mo. The full spectrum 
of samples has not yet been completely analyzed. However, the preliminary 
results indicate that the HC£ treatment is somewhat more effective 
than P0C& 3 gettering in the 4 ftcm material. This work will be completed 
and reported at the end of the next quarter. 

3.2.2 Detailed Analysis of the POCA ^ Gettering of Ti-Doped Silicon 

3.2.2. 1 I-V Studies of Gettered Material 

The improvement in the cell performance due to POCJ^ gettering 
of Ti an ingot W134 and W137 was described briefly above and is evident 
from Figure 2. The mechanism by- which gettering improves cell efficiency 

is not so clear from the cell data or the OCD lifetime measurements on 
4 

the cells. 


17 



For example, the OCD lifetimes on the gettered cells were very low 
(Tqcd < 1 usee) and the changes in the lifetime for the various lettering 
conditions .fell within the accuracy of the OCD technique. Thus it was ’ 
not possible to use this method to distinguish how the gettering induced 
the cell performance improvement. For these reasons, detailed I-V measure- 
ments have been made on the gettered cells to track the changes in 
electrical properties due to thermal treatment. These measurements are 
complemented by results from deep level transient spectroscopy (DLTS) 
outlined in the next section. 

The transformed I-V curves for the extreme cases of gettering 
temperature (1 hour - 950 and 1100°C) and gettering time (1100°C i one 
hour and 5 hours) are shown in Figures 4 and 5 for ingot 137 and Figures 
6 and 7 for ingot 134. It is quite clear from these transformed I-V 
curves that the increase in gettering time and temperature beyond 950°C 
increased the bulk lifetime because the upper segment of the transformed 
curves moved to the right * with increased gettering intensity. 

From the data in Figures 4-7, we have also deduced the actual 

lifetime increase' due to processing. The short-circuit current of the 

solar cell is a more accurate indicator of the bulk lifetime than the 

OCD number because the OCD technique is more sensitive to junction 

defects surface shunts and other process-related effects. The data in 

..Tables 4 and 5 clearly demonstrate a systematic increase in the short- 

circuit current as either gettering time or temperature increase. This 

-.implies that the bulk lifetime also shifts upward systematically. We 

have calculated bulk lifetime from the short-ci-rcuit current using the 

1 2 

impurity model as a basis. ’ • This is done by employing the model 
equation (Equation 45 Reference 1, p. 67): 


* There is little difference in the cell efficiency or I-^V curves for 
the 950°C-1 hr treatment and the standard 850°C-30 min cell diffusion. 
This suggests that Ti gettering occurs as well at 850°C and/or Ti is a 
relatively slowly diffusing species 
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I(mA) 


Curve 71 5874— A 
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Curve 715,875-A . 
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Gettering Time= Ihr 
T„ = 950°C, n = 5. 33% 

T„ = 1100°C, 6.01% 










TABLE 4 


SOLAR CELL PARAMETERS AND DERIVED LIFETIMES AFTER POC^ 
GETTERING OF INGOT - W137 (2.1xl0 14 cm' 3 'Ti^ 


Gettering 

Condition 

Uncoated 

Efficiency 

C%) 

^SC 

(mA) 

t t 

A SC 

Clisec) 

No gettering 

4.24 

12.63 

0.103 

950°C, 1 hr. 

4.23 

12.70 

0.105 

1000% 1 hr. 

4.55 

13.60 

0.141 

1100% 1 hr. 

4.87 

14.10 

0.167 

1100% 2 hrs. . 

5.00 

• 14.50 . 

0.192 

1100% 3 hrs. 

5.19 

14.80 

0.-213 

1100% 3 hrs. 

5.49 

15.40 

0.262 


TABLE 5 

SOLAR CELL PARAMETERS AND DERIVED LIFETIMES AFTER P0C£ 3 
GETTERING OF INGOT - W134 (5xl0 13 cm -3 Ti) 


Gettering 

Condition 

Uncoated 
Efficiency 
(%) - 

Isc 

(mA) 

t t 

SC . 
(ysec) 

No gettering 

5.56 

15.42 

0.26 

950% 1 hr. 

5.30 

15.36 

0.258 

1000% 1 hr. 

5.69 

15.68 

0.289 

1100% 1 hr. 

5.99 

16.20 

0.35 

-1100% -2 hrs. 

6.41 

16.98 

0.47 

1100% 3 . hrs. 

6.35 

17.06 

0.486 

1100% 5 hrs. 

6.71 

17.58 

0.60 
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( 2 ) 


I 

sc 


I O) 

sc v J 


%+l 


n 


Substituting L = /Dr - we get 


r 



I 



sc 


-f 2 



(3) 


I («0 is the short-circuit current for infinite diffusion length in the 
sc 2 

base - 1.08 • T Q>L) = 24.3 mA. Using I sc (°°) of 24.3 mA, D of 33 cm /sec 

and = 17 vm Equation (3)' is reduced to 


t = 8.76 x 10~ 8 


1 

24.3 

I 

sc 


— 12 


1 


C4) 


Substituting the measured I values in Equation (4) , we calculate the 
lifetimes for'the gettered cells. These results, shown in the third 
column of Tables 4 and 5, indicate that the most intense gettering 
condition used so far (five hours at 1100°C) improves the lifetime by 
a factor of ^ 2.5 in both of the Ti-doped ingots. Since t. “ 1/N^., « 1/N^, 
it appears that intense gettering reduced the Ti recombination center 
density (N^) or the net impurity content in silicon (N^.) by a factor of 
* 2.5. 

3. 2. 2. 2 Deep Level Transient Spectroscopy of Gettered Material 

Deep level transient spectroscopy has been performed on the 
gettered solar cells fabricated from ingot W137Ti010 to quantitatively 
assess the conclusions drawn from the I-V and cell data and to 
demonstrate that POCA^ gettering actually reduces the Ti concentration as 
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we have hypothesized. Solar cells from each gettering condition have 

been reprocessed for the DLTS measurements. The front metal grid was 

removed and in its place a Ti-Au contact was evaporated. Mesa dots 30 

mils in diameter were then delineated by the photoresist technique. 

15 

Previously we reported * that Ti produces two deep levels in silicon at 
E v + 0.3 eV and at E - 0.27 eV, respectively. It was difficult to detect 
the E c - 0.27 eV level in ingot W137. Therefore, the data we report 
here are for the more easily observed Ey + 0.3 eV center. 

From Figure 8 and the data in Table 6 it is evident that the 
same trap level was detected in. all the gettered samples, but that the 
trap concentrations (N^,) were quite different for different gettering 
cycles. These results also illustrate how effective DLTS is for 
resolving changes in due to gettering. (It is important to recognize 
that the ungettered samples also go through 825°C, SOminPOCA^ diffusion 
which can result in gettering of some Ti. This point is being investi- 
gated by the DLTS measurements on the ungettered solar cells and the 
starting wafers. The DLTS on the as-grown wafers will be performed 
by fabricating a Schottky barrier.) 

It is quite clear from Figure 8 that the active Ti concentration 

gradually diminishes as a consequence of the increased gettering time or 

the temperature. The trap density diminishes by a factor of 2 when the 

gettering temperature is raised from 950°C to 1100°C (gettering time 1 hr) . 

Another factor; of 2 reduction in is realized when the gettering time 

is extended from 1 to 5 hrs at 1100°C) . Thus a factor of 4 reduction in 

N^, was obtained by increasing the gettering intensity from 950°C/1 hr to 

1100°C/5 hrs. This compares to a factor of 2.5 deduced from the lifetime 

(t t ) . This is very good agreement considering the accuracy of various 
i sc 

measurements (N^,' I sc ' etc) and of the modelling analysis (I sc vs t) . 

One must also recognize that the DLTS measurement gives the 
trap concentration near the junction region. This may not accurately 
represent the bulk material if gettering is diffusion limited and there 
is a variation in trap concentration between the bulk and the surface. 

If such a concentration profile exists, then the DLTS data will reflect 
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Trap Concentration (cm 



m the Peak Amplitude 
E y + 0.3 eV Trap 





TABLE 6 


Variation in Cell Efficiency and Trap Concentration 
(NtO as a Function of Gettering Treatment for Ingot 
W137 (original metallurgical Ti concentration, 
5x10*3 cm - 3) 


Gettering 

Condition 

Uncoated 

Efficiency 

(%) 

Ey + 0.3 eV 
N t (cm-3) 

No gettering 

4.24' 


950°C, 1 hr. 

4.23 

12 

6.35 x 10 

1000°C„ 1 hr. 

4.55 

3.94 x 10 12 

1100°C, 1 hr. 

4.87 

2.99 x 10 12 

1100°C, 2 hrs . 

5.00 

2.5 x 10 12 

1100° C, 3 hrs. 

5.19 

2.39 x 10 12 

1-100°C, 5 hrs.- 

5.49 

1.49 x 10 12 
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the active titanium concentration at a particular location in the sample. 

However, this value of N~ may still be proportional to the total active 

1 1 

Ti concentration in the bulk (N^ ) . Some experiments are being planned 
to determine whether or not a profile, in is present in the gettered 
samples. This will be accomplished by sequential etching followed by 
DLTS measurements using Schottky Barrier diodes fabricated on the 
etched steps. 

Figure 9 illustrates how cell efficiency of the Ti-doped wafers 

changes with N^, due the various gettering conditions. The efficiency 

decreases monotonically with the increase in the trap concentration, 

indicating that EV + 0.3 eV level plays a major role in controlling 

the cell performance. Figure 10 shows the correlation between the 

I sc ~derived bulk lifetime (f ^ ) and the reciprocal of the trap 

concentration. The linear refat ionship between the two parameters again 

strongly suggests that the bulk lifetime is controlled by this trap, 

and that the gettering- induced improvement in cell performance is 

primarily due to the reduction in the trap density. Further DLTS 

measurements are being carried out on the gettered cells fabricated from 

14 -3 

ingot W134Ti009 (2x10 cm Ti) . The preliminary results are similar 
to that for ingot W137. 

i 

We conclude that POCA^ gettering improves the cell efficiency 

of devices which are performance -limited by Ti contamination of' the 

silicon base material. The benefits of gettering increase with 

temperature and treatment time being maximum for the highest temperature 

(1100°C) and longest time (5 hours) which we employed. Under the latter 

conditions , an absolute efficiency improvement of over 1% (e.g, an 

uncoated efficiency of 6.71% vs 5.56% for the ungettered material 
13 -3 

containing 5x10 cm at Ti) was observed. From the I-V analysis and 
the short circuit current data this improvement can be attributed to an 
increase in bulk lifetime during gettering. The DLTS results show quite 
convincingly that POCJl^ treatments do not alter the type of deep level 
present in the Ti-doped material (E^ + 0.3 eV) but rather reduce the 
trap density and thus improve bulk lifetime. 
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3.3 Decontamination of Wafer Surfaces by Cleaning Prior to Heat Treatment 

1 6 7 

Our experience 1 as well as that of others 7 indicated that 
there are some difficulties in preserving recombination lifetime during 
high temperature treatments owing to wafer surface contamination. . For 
this reason we developed a model to characterize the effects of the 
deionized water rinse cycle used to clean wafer!*. We have now refined 
this decontamination model to account for the presence of particulate 
contamination on the wafer surface prior to the final deionized water 
rinse' cycle. The origin of this contamination stems mainly from 
particulate matter in the H 2 0 2 , NH^OH, and HCJl chemicals used prior to 
the wafer rinse cycle. 

The total equivalent particulate contamination on each surface 

2 

per cm is equal to 0^(0) + r C^ w t. C is the particulate contamination 
in the deionized water, C (P3i-s the initial surface particulate concen- 
tration and r^ is a rate constant. The total equivalent contamination on the 

(including soluble impurities, C ) wafer as a function of rinse time 

. 6 S 
is, 

C c .(t) = C (0) + C (0) + r C t (5) 

Si w J p v J p pw 

The optimum rinse time is given by. 



In 


r C (0) 
s s J 


r C 
P pw 



C6) 


Assuming complete homogeneity in the bulk volume of the wafer following 
high-temperature treatment, the trap concentration (N^) will be equal to 

2C . (t)/h where h is the thickness of the wafer. The recombination 

S1 -1 
lifetime, is equal to (a v^ N^) where cr is trap capture cross 

section (normally = 1x10”^ cm ) and v^ is the thermal velocity of the 

minority carriers (1x10^ cm/s) . x , as a function of rinse time is 

given by. 
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( 7 ) 


x = h 
r 


2 a v 


th 


C (0) e r s t + C (0) + r C t 

J p p pw 


Equation (7) was tested experimentally by varying the final 
deionized water-rinse time of silicon wafers and then annealing the 
wafers at 1000°C for 15 minutes in an atmosphere of 95% 0 2 + 5% HC£. . 
Following heat treatment, the silicon was slowly cooled (l°C/min.) to 
200°C. At that time the specimens were manually withdrawn from the 
furnace . 


The effect of final rinse time on is shown by the data 
points in Figure 11. Although the data scatter somewhat, the expected 
maximum in lifetime clearly occurs in the vicinity of five minutes. 


The constants in Equation (7) for soluable contamination were 

obtained by a least squares fit to the data between 30 to 300 seconds 

with an initial correction for particulate contamination using judiciously 

chosen values of C CO) and r C . The particulate contamination constants 
p p pw r 

were then obtained by a least squares fit to the data between 300 and 
1380 seconds with correction for soluable contamination using the 
'previously obtained best fit constants. The complete procedure was 
iterated three times to improve the fit over the entire range of times. 

The theoretical model parameters obtained by this best-fit method are: 

C s C0) = 1.97 x 10 11 

r = 4.35 x 10“ 3 

s 

C p C0) * 4.34 x 10 10 

r C = 2.10 x 10 8 

P PW 


t 


opt 


323 s. 
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7 

Previous data had indicated that the maximum lifetime after 

the high temperature treatment was only 15.2 ys. While only three data 

points were available then to determine r C , the value obtained was 
F 9 P 1» 

1.55 x 10 . The change in the value of r C from that obtained 

9 P P w g 

earlier (1.55 x 10 ) to the present value of 2.10 x 10 is believed 

due to decreased microbial activity between summer (May 24, 1978). and 

winter (January 1, 1977) months, respectively, when the two sets of 

experiments were rim. It is possible that an effect of this type might 

also explain the slightly differing response of the baseline wafers to 

the gettering treatments described in Section 3.2. The two sets of 

gettering experiments were performed at different times during the -year. 

This point will be clarified in future experiments. 

Equation (7) also predicts that (after -high-temperature 
redistribution of surface contaminants) should be proportional to h, the 
wafer thickness. This is, in fact, the trend illustrated in Figure 12 
where x^ is plotted against wafer thickness. The model and experiment' 
are thus in qualitative agreement. A best fit of a curve to the data 
points in Figure 12 gives an exponent of 2.086 compared to the 
theoretically .expected value of unity. We ascribe the lack of 
quantitative agreement to inadequate redistribution of surface contaminants 
in the thickest samples. The experiment will be repeated with a longer 
heat treatment time to insure homogenous distribution of the surface 
impurities . 

3.4 Investigation of Anisotropy Effects Due to Impurity Incorporation 
in 3-inch Diameter Czochralski Ingots 

4 • 

In the last quarterly report we presented preliminary inform- 
ation on the variation in solar cell performance across the diameter of 
three inch Czochralski wafers doped with Mn or Ti.Cell efficiency and 
OCD lifetime were mapped in each case by means of 1cm x 1cm miniature 
solar cells and mesa diodes, respectively, distributed on the wafer 
surface. We concluded that the cell performance variation over the 
wafer was less than 10% of the mean value for both the Ti and Mn-doped 
ingots . 
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Since then we have made more detailed evaluation of potential 
anisotropy using 6 large wafers, 3 from the (W131Mn008) Mn-ingot and 
the other 3 from Ti (W140Ti011) ingot. Of the 3 wafers from each ingot 
one was from seed, one from center, and one from the tang end. Each 
large wafer was scribed into quarters so larger areas could be mapped 
by the miniature cells. This way we were able to get as many as 22 
miniature cells on each wafer as opposed to only 12 in our previous 
experiments. Thus, we were able to probe the center and the edge regions 
of the large wafers with the miniature cells. A more careful examination- 
of seed to tang ingot property variations was also made. 

Table 7 and 8 show- the miniature cell performance for the 
Mn- and Ti-ingots, respectively. In the tables, the designations T, C 
and S stand for tang, center and seed. The results indicate an 
average uncoated cell efficiency of 8.59% with a standard deviation of 0.44 
for the Mn-ingot and an average efficiency of 4.28% with a standard 
deviation of 0.38' for the Ti-ingot. Thus f as before in both cases most of 
the cells were within +_ 10% of the mean value, implying no striking 
anisotropy overall. There does appear to be a slight systematic decrease 
in efficiency of cells from the tang and wafers compared to those from 
the seed. This is particularly evident for the Ti-doped ingot. Table 8. 
This might be expected since some impurity segregation will occur during 
growth . ^ 

A few ceils (marked by asterik in Tables 7 and 8) exhibited 
unusually low cell efficiency. A close look at the data for these 
devices reveals that they contain process-induced faults, such as high 
resistance (R) > high or excess junction leakage, or shunting (high N 
value) . The data for these cells were not used in estimating the mean 
values. The short-circuit currents of the poor cells are not very 
different from the good ones, implying that the lifetime (or the 
impurity content) of these cells is very similar to the rest of the 
devices. Thus the actual anisotropy in the impurity distribution is 
responsible for not more than a _+ 10% deviation from the average 
miniature cell performance, any exceptions being due to the process 
effects. 
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TABLE (7) 

Miniature Solar Cell Data for Ingot W131Mn008 


81212A W131MN008 T. "ee Inch W117 00 000 

S0L11 1/29/79 AMI: PO=91.60MW/CM 2 NO AR Coating 


ID 

ISC VOC 

IP 


LOG< I 0) 

N 

R 

FF 

EFF 

OCD 

PCPA 

PCDR 

IE 

21.60 .556 

19. 

63 

-6.770 

1.82 

-.74 

. 747 

.9.49; 

3. 64 

.00 

iOO 

2B 

21.70 .556 

19. 

71 

-6.721 

1.84 

— .81 

• 748 

9 . 54 

3.90 

.00 

.00 

3B 

21.60 .555 

19. 

43 

-6.302 

2.00 

-.78 

.730 

9.26 

3.90 

.00 

.00 

4B 

21.70 .554 

19. 

71 

-6.703 

1.84 

-.81 

. 747 

9.50: 

3-64 

.00 

.00 

5B 

21.70 .553 

19. 

60 

-6.343 

1.97 

-1.15 

. 744 

9.45 1 

3.64 

.00 

.00 

6B. * 

21.50 .553 

17. 

85 

■ -3.766 

4*39 

-5.85 

.683 

8.58 

3.25 

.00 

.00 

>THI S 

IS INGOT W138MN0 

08 









1C 

20.50 .542 

18. 

52 

-6.617 

1.84 

• .47' 

. 732 

8.60; 

1.30 

.00 

.00 

2C«* 

19.80 .527 

14. 

99 

-3.011 

6.63 

-8.47 

. 589 

6. 50‘ 

.29 

.00 

.00 

3C 

20.60 .543 

18. 

76 

-7*044 

1.69 

-.29 

. 741 

8. 77 

1.56 

.00 

.00 

4C 

20.50 .540 

18. 

49 

-6.471 

1.89 

-.64 

.732 

8*57, 

1.30 

.00 

.00 

5C 

20.70 .537 

17. 

50 

-4.451 

3.24 

-2.29 

• 661 

7.77! 

*91 

.on 

.00 

6C«* 

. 19.30 .509 

14. 

11 

-5.255 

2.40 

9.11 

.429 

4.45 

• 13 

.00 

. .00 

. 7C 

20.70 .543 

18- 

73 

-6.740 

1.79 

- • 24 

. 730 

8. 67‘ 

1.43 

.00 

.00 

8C»* 

19.70 .523 

14. 

81 

-3. 185 

5.85 

-5.02 

.554 

6.04 

*39 

.00 

.00 

9C 

20.80 -.542 

18. 

84 

-6.766 

1.78 

-.33 

.733 

8.74 

1.56 

.00 

.00 

IOC 

20.80 .541 

18. 

87 

-6.824 

1.76 

- « 36 

. 736 

8.76 

1. 56 

.00 

.00 

nc 

20.90 .540 

18. 

53 

-5.759 

2.21 

-•94 

.710 

8.47 

1.17 

.00 

'.on 

12C 

21.00 .543 

19. 

03 

-6.757 

1.79 

-.43 

.736 

8.88 

1.69 

.00 

.00 

13C 

21.00 .540 

18 * 

93 

-6.524 

1.86 

-.36 

.726 

8.70 

1.56 

.00 

.00 

14C 

21. 10 - .538 

18. 

52 

-5. 382 

2.42 

- 1 » 29 

.700 

8.41 

1.04 

.00 

.00 

15C 

20.70 .540 

18. 

70 

-6. 544 

1.86 

-. 66 

• 735 

8.69 

1.69 

.00 

.00 

16C 

20.80 .534 

18* 

04 

-5.061 

2.64 

-1.47 

.685 

8.05 ; 

1.30 

.00 

.00 

1.7C 

20.90 .540 

18. 

98 

-6.824 

1.75 

• - .54 

.742 

8.861 

; 2.21 

.00 

.00 

18C 

20.90 .534 

18. 

16 

-5. 160 

2.56 

-1.20 

.684 

8.07 

.13 

.00 

.00 

19 C 

20.90 .543 

18. 

97 

-6.879 

1.74 

-.30 

.737 

8.84 

1.56 

.00 

• On 

20C 

21.10 .540 

18. 

80. 

-5.921 

2. 12 

-.92 

.717 

8.65 

1.30 

.00 

.00 

21C.* 

19.60 .526 

14. 

90 

-3.243 

5*68 

-5.13 

.566 

6.17 

.34 

.00 

.00 

22 C 

20.90 .539 

18. 

79 

-6.337 

1.93 

-.61 

.726 

8.65 

1.30 

.00 

.00 

IT 

. 21.00 .545 

18. 

95 

-6*496 

1.89 

— . 61 

.732 

8.86 

1.95 

.00 

• 00 

2T 

20.80 .543 

18 « 

72 

-6.372 

1.93 

-.69 

.729 

8» 71] 

i 1.95 

.00 

.00 

3T 

21.30 .546 

19. 

28 

-6.700 

1*81 

-.37 

.733 

9.01j 

j 1.95 

.00 

.00 

4T 

21.00 .544 

19. 

08 

-6.866 

1.75 

-.48 

.742 

R.9 6 1 

1 2-08 

.00 

.00 

5T 

20.70 .541 

18 « 

39 

-5.772 

2.21 

-1.14 

.716 

8.48, 

1.82 

.00 

-00 

6T 

20.70 .541 

18. 

79 

-6.823 

1.76 

-.44 

.739 

8* 75 

1.04 

.00 

.00 

7T 

20.70 .539 

18. 

78 

-6*761 

1.77 

54 

. 740 

8.73 

j 1.04 

.00 

.00 

8T 

20.80 .521 

17. 

44 

-4.467 

3. 12 

-1.41 

. 640 

7.33 

1 .40 

.00 

• 00 

9 T 

20.60 .538 

18. 

72 

-6.945 

1.71 

-.29 

.738 

8.65 

1.30 

.00 

.00 

10T 

20.60 .539 

18. 

73 

-7.000 

1.69 

-. 19 

. 737 

8.65 

1. 30 

.00 

.00 

1 1 T 

20.20 .536 

18. 

18 

-6'. 463 

1.88 

-.41 

. 724 

8.29 

1.30 

.00 

.00 

12T 

20.20 .536 

18. 

13 

-6.284 

1.95 

-.64 

. 724 

8.28 

! 1.04 

.00 

.00 

13T 

20.50 .535 

18. 

14 

-5.712 

2.22 

-.95 

. 707 

8.20 

.91 

.00 

.00 

147 

20.90 .536 

18. 

62 

-5.939 

2.10 

-.84 

.716 

8.48 

s 1.04 

.00 

.00 

1ST 

20.50 .527 

17. 

64 

-4.850 

2. 78 

-1.75 

.678 

7.75 .91 

.00 

• on 

16T 

20.80 .510 

17. 

37 

-4. 546 

P.97 

-.59 

.624 

7.00 

.91 

.00 

.00 

17T 

20.50 .532 

17. 

72 

-4.913 

2.76 

-1.91 

.68 7 

7.92 

.65 

.00 

.00 

19T 

20.50 .537 

19. 

81 

-17. 147 

.58 

1.29 

.828 

9.64 

1.17 

.00 

.00 
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TABLE (7) (Cont.) 


ID 

ISC 

voc 

IP 

LOG (10) 

N 

R 

FF 

EFF 

OCD 

PCDA 

PCDR 

l 

IS 

21 .AO 

. 543 

19.28 

-6.461 

1.89 

-.51 

.728 

8 • 

95 

1.70 

.00 

.00 

ss 

20.80 

. 542 

18.30 

-5.481 

2.35 

-1.19 

.702 

8. 

37 

1.70 

.on 

.00 

3S 

21.60 

. 545 

19. 59 

-6. 79 7 

1.77 

-.35 

. 736 

9. 

16 

1.70 

• on 

.on 

4S 

21.60 

. 547 

19.45 

-6.383 

1 .94 

-.60 

.729 

9. 

in 

2.21 

.no 

.00 

5S 

20.30 

. 543 

18. 14 

-6.049 

2.05 

-.88 

. 720 

R. 

40 

1.69 

.00 

. .on 

6S 

21.20 

. 546 

19.09 

-6.426 

1 .92 

-.53 

.727 

8. 

90 

1.95 

.00 

.00 

7S 

21.30 

.543 

19. 18 

-6.422 

1 .91 

-.-55 

. 728 

8 « 

91 

• 70 

.00 

.00 

8S 

20. 50 

. 536 

17.91 

-5.217 

2.54 

-1.61 

. 698 

8. 

1 1 

. 65 

. nr 

• .00 

9£ 

20.90 

.540 

18.63 

-5.873 

2.15 

-1.16 

.722 

8. 

62 

1.30 

.no 

.on 

10S 

21. *00 

. 541 

19.03 

-6.713 

1.79 

-.56 

. 739 

8 . 

68 

1.56 

• on 

.or 

ns 

20.90 

. 540 

18.80 

-6.359 

1.93 

-.64 

.728 

8. 

69 

1.43 

.00 

.00 

12S 

21.00 

.540 

18.62 

-5.700 

2.24 

-1.16 

. 714 

8 i 

56 

1.43 

..00 

.00 

135 

21.20 

. 540 

18.90 

-5.888 

2.14 

-1.11 

. 722 

8. 

74 

1.56 

.00 

• QO 

IMS 

21.20 

.'541 

18.95 

-5.989 

2*09 

-1.02 

.724 

8. 

78 

1 1.04 

.00 

.00 

15S 

20. 70 

. 544 

18.89 

-7.162 

1.66 

-.30 

. 746 

8. 

88 

| 2.08 

.00 

*00 

1 6S 

21.10 

l . 541 

19.21 

-6.991 

1.70 

-.42 

.745 

8. 

199 

1.95 

.00 

.00 

17S 

21.00 

.543 

19. 12 

-6.987 

1.71 

-.39 

.743 

8- 

96 

1^82 

.00 

.00 

.18 S 

21.10 

. 543 

19. 15 

-6. 795 

1.77 

-.49 

.740 

8. 

96 

2.08 

.00 

.00 

19 S . 

21.30 

.539 

19. 12 

-6.228 

1.98 

-.76 

.727 

8. 

82 

1.69 

• 00 

.00 
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TABLE (8) 

Miniature Solar Cell Data for Ingot W140T1011 


81212 W140T1011 Three Inch W117 00 000 



SOL 11 

1/29/79 

AMI: PO-9I.60MW/CM 2 NO 

AR Coating 



I D 

ISC voc 

IP LOGCIO) 

N 

P 

FT 

EFF 

OCD 

PCPA 

PCPP 

2R* • 

SI. 90 .559 

19.52 

-5. 727 

2.30 

-1.60 

. 730 

9.45 

.00 

.00 

.00 

IB •• 

•22.40 *555 

20. 52 

-7.380 

1.62 

-.17 

. 750 

9.86 

4.55 

.00 

.00 

2P 

21.60 .555 

19.57 

-6. 640 

1.86 

-.70 

.741 

9.40 

3.25 

.00 

.00 


21.90 .551 

19.25 

-5.361 

2.49 

-1.44 

.706 

9.00 

3.90 

.00 

. 00 

AB 

22.30 .553 

20. 32 

-7.040 

1.71 

-.32 

. 744 

9.70 ■ 

4.81 

.00 

.00 

5B‘ 

22.10 .552 

19.9 7 

-6.571 

1.88 

-.49 

.733 

9.46 

4.55 

.00 

. 00 

6B 

22-. 50 .553 

20.66 

-7.626 

1.55 

.06 

.749 

9.86 

4.81 

.00 

.00 

>THI S 

IS W140TI Oil 



• 



i 



4 

IT 

11.40 .471 

10.39 

-7.860 

1.33 

1.45. 

.720 

4.09 • 

1.04 

.00 

. 00 

2T 

11.40 .468 

10-32 

-7. 387 

1.44 

.1.07 

.714 

4.03 

.91 

.00 

.00 

3T 

11.30 .465 

10.27 

-7-603 

1.37 

1.08 

.720 

4.00 

.15 

• 00 

.00 

4T 

1 1.80 469 

10.54 

-6.679 

1.65 

. 64 

.698 

4.08 

• 91 

.00 

.00 

5T ‘ 

11.60 .476 

10.58 

-7.900 

1.33 

1.43 

.722 

4*21 

1. 30 

• 00 

• 00 

6T 

10.60 .460 

9.41 

-6.401 

1.74 

• 14 

.695 

3. .58 

.78 

.00 

.00 

7T** 

•10.70 .429 

6.94 

-4.524 

2.81 

15.71 

.368 

1. 79 

.20 

• 00 

• 00 

8T 

10.50 .458 

9. 19 

-5.733 

2.04 

-1.23 

.686 

3.49 ' 

1.04 

.00 

.00 

9T ' 

11.20 *465 

9.98 

-6'. 566 

1.68 

.43 

.69 7 

3.84 , 

.91 

• 00 

• 00 

10T 

"11.60 .470 

10.53 

-7.477 

1.42 

1.00 

.718 

4. 14 ! 

1.04 

• 00 

• 00 

1 2T 

11.40 .469 

10.29 

-7. 128 

1.51 

• 66 

.713 

4.03, 

1.04 

. .00 

• 00 

14T 

11.00 .463 

9.91 

-7.09 3 

1.51 

.91 

.707 

3.81 ! 

.91 

• 00 

. 00 

1ST 

11-. 10 *462 

10.00 

-7. 115 

1.50 

1.03 

.706 

3.83 

t 

.65 

.00 

.00 

16T 

10.70 .453 

9.19 

-5.346 

2.24 

- .'80 

.656 

3.37 

.91 

.00 

• .00 

17T 

.10.80 -462 

9.70 

-6.940 

1.55 

.75 

.705 

3. 72 i 

.91 

.00 

• 00 

18T 

10.70 .456 

9.45 

-6.265 

1. 77 

.46 

.683 

3« 52 

• 91 

• 00 

.00 

19 T.* 

11.00 * 426 

6.97 

-2.998 

6.60' 

-3.07 

.409 

2.03 

.20 

.00 

• 00 

20T.* 

10.80 .442 

7.59 

-2.978 

7.09 

***** 

.518 

2.62i 

.40 

• 00 

• 00 

211 

11.20 .451 

9.73 

-5.778 

1.97 

• 41 

.661 

3.53 

• 65 

.00 

• 00 

22T * 

11.50 .462 

10.09 

-5.993 

.1.90 

.27 

.675 

3.79 

. 78 

• 00 

.00 

23T 

11.20 .461 

10.04 

- 6 « 8 68 

1.57 

.86 

.700 

3.82 

.91 

- .00 

. 00 

1C 

12.00 .478 

10.91 

-7.638 

1.40 

1. 19 

.719 

4.36 

1.04 

.00 

.00 

2C 

12.20 .477 

11.05 

-7.413, 

, 1.45 

1.15 

.713 

4.39; 

1.04 

.00 

.00 

3C 

12.30 .477 

11.10 

-7.177 

1.51 

1.01 

.708 

4. 39 

.91 

• 00 

. 00 

AC 

12.10 .477 

11.00 

-7.666 

1.39 

1.29 

.717 

4.38 

.91 

.00 

• 00 

SC 

12.40 .475 

11.11 

-6.886 

1.59 

1.10 

.69 6 

4.34 

1.04 

.00 

• 00 

6C * ^ 

11* 60 • 429 

7.02 

-3.997 

3.47 

14. 73 

.341 

1. 79 

.91 

• 00 

.00 

7C 

12.10 » 475 

10.99 

-7.5.lfe 

1.42 

1.05 

.718 

4* 34 

1.04 

*00 

.00 

8C 

12.50 .474 

11.25 

-6.935 

1.57 

.52 

.710 

4.45 

.91 

.00 

.00 

9C 

12.20 .474 

11.04 

-7. 378 

1.45 

1.15 

.712 

4'. 35 

.91 

.00 

• 00 

1 OC ' 

12* 20 .474 

11.04 

-7.378 

1.45 

1.15 

. 712 

4.35 

.91 

• 00 

• 00 

11C 

12.20- .474 

10.97 

-7.045 

1.54 

1.13 

.701 

4.29 

1.04 

• 00 

.00 

12C 

12.40 .478 

11.24 

-7.452 

1.44 

1.15 

.714 

4.47 

.16 

-on 

• 00 

1 3C 

12*40 .475 

11.21 

-7.357 

1.46 

1.38 

.706 

4.40 

1 . 30 

. 00 

. 00 

IAC 

12.10 .476 

11.00 

-7.654 

l o 39 

1.29 

.717 

4.37 

.91 

• 00 

.00 

ISC 

12.10 .477 

11.00 

-7.666 

1.39 

1.29 

.717 

4.3? 

1.04 

.00 

. 00 
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TABLE (8) (Cont . ) 


ID 

ISC 

VOC 

IP 


LOG (10) 

N 

R FF 

EFF 

OCD 

PCDA 

PCDB 

16C 

12.410 

.475 

11 

. 13 

-6.826 

1-61 

.61 .704 

4 

.39 

*91 

"’Too 

.00 

17C 

12.20 

.473 

10 

.95 

-6.929 

1.58 

.88 .70? 

4 

• 2{S 

1.04 

.00 

.00 

19 C 

1 1 .90 

.4 74 

1 1 

.20 

-10.93? 

.88 

P.01 .768 

4 

. 58 

.78 

oOO 

.00 

20C 

12. AO 

.459 

1 1 

.43 

-8.913 

1.09 

2.23 .725 

4 

.36 

.78 

.00 

.on 

21 C 

12.10 

.473 

1 1 

• 36 

-10.507 

.9? 

1.81'. 765' 

4 

. 63 

.91 

.on 

.or 

22 C 

12.00 

.474 

1 1 

.31 

- 11.247 

.85 

?« 1 5 .769 

4 

63 

1.04 

.00 

.no 

IS 

12.4-0 

.475 

1 1 

.46 

-8.812 

1.15 

1.49 .741 

4 

62 

.91 

.00 

• on 

25. 

I 

12. 30 

. 471 

1 1 

.43 

-9. 518 

l.OS 

2.09 .74? 

4 

54 

.9,1 

- .00 

.00 

oc 

12.70 

. 475 

1 1 

.86 

-9.9 55 

.98 

1.84 .754 

4 

.81 

.91 

.00 

.00 

4S.* 

1 1.80 

.442 

8 

• 00 

-3.239 

5. 55 

-1.51 ’. 446 

2 

.46 

.91 

..on 

• no 

5S 

12. 4:0 

.475 

1 1 

. 62 

-10.484 

• 93 

2.05 .759 

4 

73 

.16 

• on 

.or 

65 

12.60 

.48 0 

1 1 

. 72 

-9.330 

1.08. 

1.37 .754 

4 

.82 

.91 

^00 

.00 

IS 

12. 50 

. 478 

1 1 

. 74 

-10.674 

• 91 

1.99 .763 

4 


|2 

.91 

.00 

. on 

BS 

12.60 

.477 

1 1 

. 78 

-9.985 

.99 

1.66 .759 

4. 

ftf 

>3 

1.04 

.00 

.on 

9S 

12.40 

.477 

1 1 

. 50 

-9.295 

1.08 

2.00 .740 

4 

* < 

! 

53 

.00 

*00 

.00 , 

1 IS 

12.60 

.476 

1 1 

. 78 

-9.968 

.99 

1.66 .759 

4 

• 9 

51 

*00 

.00 

.00 ' 

12£ 

12. 70 

. 469 

1 1 

.68 

-8.441 

1.20 

1.48 .732 

4 

» ( 

>1 

.00 

.00 


13S 

12.00 

.470 

9 

.94 

-4.561 

2.97 

-2.02 .624 

3- 

» 

72 

.00 

.00 

.00 

14S ’ 

T2.80 

.476 

1 1 

.53 

-7.058 

1.54 

.82 .708 

4 

0 

56 . 

.00 

.00 

'.00 

15S 

13.30 

.480 

11 

.85 

-6.590 

1.70 

.'93 .689 

4 

ft 

55 

.91 

.00 

.00 

16S.* 

12.60 

.469 

10 

• 56 

-4. 574 

2.93 

-3.06 .648 

4< 

ft 1 

55 

.30 

.00 

.00 

1 7 S' 

12. 70 

.476 

11 

.33 

-6.489 

1.73 

.13 .702 

4. 

.48 

.80 

.00 

.00. 

18S 

12.90 

.475 

11’ 

. 48 

-6.385 

i . 76 

. .07 .699 

4. 

• ! 

53 

. .78 

.00 

.00 

19S.* . * 

12.60 

.469 

10 

. 18 

-3.917 

3.88 

-5.90 .625 

3. 


>1 

39 

.00 

.00 

20S 

12.80 

.474 

11 

.49 

-6.868 

1.59 

.69 . 704 

4< 

52 

.91 

.00 

.00 

21S 

12.70’ 

i 475 

1 1 

.38 

-6.767 

1.63 

.60 .702 

4. 

.48 

.91 

.00 

.00 

22S 

12.70 

.472 

11 

. 12 

-5.767 

2.04 

-.54 .68? 

4. 

.32 

.91 

.00 

.00 

23 S 

12* ’60 

.472 

11 

.25 

-6.502 

1.71 

.12 .702 

4. 

»i42 

.78 

.00 

.00 

24S;* 
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.475 

9 

.71 

1.077 
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Figures 13 and 14, respectively show the miniature cell 
efficiency map on tang, center and seed wafers from the 3 inch diameter 
Mn and Ti-ingots. Neglecting those cells which were affected by the 
process, the maps illustrate the small variation in the cell performance • 
across the wafers suggested by the data in Tables 7 and 8. There are no 
regions of the wafers' where cell efficiency falls significantly above 
or below and the performance average. We conclude that the observed 
variation in the cell performance is random across the wafer, not 
anisotropic. Some seed to tang performance shift is evident in Figure 14 
as noted above.- 

Since solar cell performance is the net result of process as . 
well as impurity effects the miniature cell efficiency map by itself 
may not provide all the information required to delineate the anisotropy 
in the impurity distribution. Moreover, the cell efficiency is only 
an indirect measure of the impurity concentration. The bulk lifetime, 
on the other hand, is inversely proportional to the trap concentration 
for the impurity induced deep level. (See Section 3.2) In turn, the 
deep level concentration is porportional to the total impurity content 
in the cell as follows : 







( 8 ) 


The OCD lifetime numbers are not sufficiently accurate (about a factor 
of 2 in accuracy) to delineate- small variations in the impurity 
concentration. The OCD lifetime is influenced by the junction leakage 
and surface recombination, effects . -Short-circuit current, however, is 
relatively insensitive to most of the process induced effects and is 
also a good indicator of bulk lifetime. We can, therefore , deduce a more 
accurate lifetime from the short circuit current using Equation 4 and 
the procedure outlined in Section 3.2. 
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Seed 

Figure 14 Cell Efficiencies (%) for Miniature Solar Cells 

Distributed Across 3 Inch Diameter Ti-doped Wafers 
Taken From Tang, Center, and Seed End 
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The lifetimes were calculated for the miniature cells from 
their measured Igg, tables 7 and 8. The lifetime maps on. the center 
wafers of both the ingots are shown in Figure 15. The maps indicate 
that the lifetime varies by approximately a factor of 2 across the Mn- 
doped wafer and by about a factor of 1.5 for the Ti-doped wafer. 

There are no preferred regions of high or low lifetimes. The highest 
•and the lowest Igg in Tables 7 or 8 give lifetimes which differ by a 
factor of approximately 2. This also represents the total variation 
in the lifetime throughout the entire ingot from seed to tang end. 

Since lifetime is inversely proportional to the impurity concentration, 
(Equation 8), we conclude that total anisotropy in the impurity 
distribution throughout the Mn or Ti-doped 3 inch diameter ingots is 
random and is at most a factor of 2. This much anisotropy will induce 
less than +_ 10% variation in the cell performance, consistent with our 
observations . 
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Figure 15 Variation in Lifetime (Deduced From the Measured 
Short-Circuit Current) Across 3 Inch Diameter Mn 
or Ti Doped Wafer 
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3.5 Permanence Effects in Ti and Mo-doped Solar Cells 


Solar cel 1 arrays, deployed in terrestrial applications must 
exhibit useful lifetimes of many years in order for photovoltaic energy 
systems to be economically viable. Since low cost, solar grade silicon 
may contain a variety of impurities, it is important to determine 
whether devices made on this material undergo any long term performance 
changes attributable to contaminant aging behavior. 

To assess the permanence of the cell characteristics, we are 
carrying out a series of heat treatments at various times and temperatures,, 
then measuring the cell parameters following the application of this 
thermal stress. The test temperatures chosen are well in excess of any 
temperature to which the cells will be exposed in actual service. 

This accelerated testing should make it possible to predict by means of 
appropriate models the long term behavior due to impurities. 

.7 

Briefly, the experimental procedure used is as follows: 

1. Wafers from selected ingots are processed as a group 
through diffusion to the metal contacting step in 
the solar cell fabrication sequence. 

2. A portion of the wafers are completely processed to 
cells and tested; the remainder of the cells are left 
uncontacted. 

3. The uncontacted wafers, as well as some of the contacted 
wafers, are subjected to a series of heat treatments 
for specific times. After this anneal, the uncontacted 
wafers are processed into completed cells. 

4. The cell parameters of the heat treated samples are then 
compared with those of untreated samples to determine 
any effects of the high temperature stressing. 


46 



In selecting ingots for these tests we chose .two impurities 
which significantly degrade the performance of silicon solar cells, Ti 
and Mo. Since there is a large effect due to these two impurities, we 
expected that cells containing Mo or Ti also would exhibit noticeable 
changes under stress testing if any aging effects occurred. The ingots 
chosen were: 


and 


W123-Ti-008 (lxl0 14 Ti/cm 3 ) 
W077-MO-001 (4.2xl0 12 Mo/cm 3 ) . 


Baseline ingot W097-00-000 was processed concurrently with the impurity 
ingots in all tests. 

The following annealing cycles now have been completed: 

1 hr. at 200°C 
10 hrs. at' 400°C 
10 hrs. at S00°C 
100 hrs. at’500°C 
1 hr. at 800°C 
10 hrs. at 800°C 
100 hrs. at 800°C 


The results of these first experiments are compiled in Tables 9 
through 11; the effects on cell performance due to treatment at the 
highest temperature, 800°C, also are depicted graphically in Figure 16. 
Listed in the tables are the major I-V parameters for the baseline ingot 
and the Mo and Ti ingots both in the treated and untreated conditions . • 
Each entry in the tables is the average of data from two to four cells. 
There was no large spread in the data; the results are considered 
statistically significant. 
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TABLE 9 


EFFECT OF AGING 
PERFORMANCE 

AT 200 AND 
OF Mo AND Ti 

400°C ON SOLAR CELL 
-DOPED SILICON 


SAMPLE ID 

^ScCmA) 

VocOO 

FF 

EFF(%) + 

T 0CD(-usec) 

• 1 HR 

at 20CTC 




- 

097 Base-no anneal 

22.0 

.550 

.711 

\ 9.10 

3.6 . 

097 Base-anneal 
contact § 

22.0 

.552 

.723 

9.28 

3.8 

097 Base-anneal 
no contacts 

21.8 

.550 

.767 

9.71 

5.3 

077 Mo -no anneal 

18.5 

.504 

.720 

7.10 

.7 

077 Mo-anneal-contacts 

18.7 

.508 

.726 

7.29 

.7 

077 Mo-anneal 
no contacts 

17.7 

.500 

.650 

6.20 

.6 

123 Ti-no anneal 

14.3 

.480 

.700 

5.08 

1.8 

123 Ti-anneal-contacts 

14.1 

.484 

.632 

4.56 

.7 

123 Ti- anneal - 
no contacts 

14.3 

.481 

.695 

5.03 

.7 

0 10 HRS at 400°C 

097 Base-no anneal 

22.0 

.551 

.732 

9.38 

4 4 

097 Base-anneal 
contacts 

21.7 

.556 _ 

.756 

9.65 

4.0 

097 Base-anneal 
no contacts 

22.1 

.555 

.729 

9.46 

5.0 

077 Mo -no anneal 

18.9 

.506 

.715 

7.23 

.7 

077 Mo -anneal -contacts 

18.9 

.506 

.720 

7.28 

1.0 

077 Mo-anneal - 
no contacts 

18.5 

.506 

.709 

7.00 

;6 

123 Ti-no anneal 

14.4 

.478 

. 696 

5.07 

.7 

123 Ti-anneal 
contacts 

14.5 

.484 

.695 

5.16 

1.0 

123 Ti-anneal 
no contacts 

* 

14.5 

.485 

.691 

5.12 

.8 


Data given are average of 2-4 cells. No large spread of 
data within a given treatment was noted. 

+ AM1; no AR coating 
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TABLE 10 


EFFECT OF AGING ON AT 500°C ON SOLAR CELL 
PERFORMANCE OF Mo AND Ti -DOPED SILICON*' 


SAMPLE ID 

Isc( mA ) 

VocOO 

FF 

EFF(%) + 

TOCD(Psec) 

fi 10 HRS AT 500 °C 


- 



097 Base-no anneal 

22.1 

.555 

.761 

9.97 

5.9 

097 Base-anneal 
contacts 

21.5, 

.553 

.672 

8.45 ' 

1.5 ■ 

097 Base-anneal 
no contacts 

22.0 

.553 

.752 

9.66 

5.9 

077 Mo-no anneal 

18.6' 

.505 

.705 

7.00 

1.8 

077 Mo-anneal contacts 

18.0 

.500 

.662 

6.30 

1.8 

077 Mo-anneal 
no contacts 

18.6 

.504 

.711 

7.02 

.8 

123- Ti no anneal 

14.3 

.478 

.684 

4.94 

.7 

123 Ti -anneal -contacts 

14.3 * 

.480 ' 

.668 

4.85 

.7 

123 Ti- anneal 
no contacts 

14.7 

.483 

.685 

5.14 

.7 

• 100 HRS AT 500°C 

097 Base-no anneal 

22.0 

.553 

.746 

9.60 

3.6 

097 Base-anneal 

13.1 

.119 

_ 

<1 

<.l 

contacts 


• 




097 Base-anneal 
no contacts 

21.6 

.553 

.743 

9.38 

5.2 ■ 

077 Mo-no anneal 

18.9 

.503 

.704 

7.07 

.7 

077 Mo-anneal-contacts 

9.4 

.050 

- 

<1 

<.l 

077 Mo-anneal 
no contacts 

18.2 

.505 

.709 

6.89’ 

.8 

123 Ti-no anneal 

14.4 

.481 

.698 

5.11 

.7 

123 Ti- anneal -con tacts 

9.7 

.071 

.372 

<1 

<.l 

123 Ti-anneal 
no contacts 

15.0 

.486 

.682 

5.24 

.8 


* 

Data given are 

average 

of 2-4 cells. 

No large spread 


of data within 

a given 

treatment was 

; noted. 



+ AM1; no AR coating 
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TABLE 11 


EFFECT OF AGING AT 800°C ON THE SOLAR CELL 
PERFORMANCE OF Mo and Ti-DOPED SILICON* 


SAMPLE ID 

ISC(mA) 

V 0C (V) 

FF 

EFF(%) + 

TOCD(Fsec) 

• 1 HR AT 800°C 





097 Base-no anneal 

22.20 

.577 

.727 

9.85 

5.0 

097 Base-anneal-contacts 

13.0 

.08 

.40 

0.3 

<0.1 

097 Base-anneal-no 

22.00 

„.551 

.736 

9.40 

5.0 

contacts 






077 Mo-no anneal 

19.10 

.513 

.719 

7.45 

1.2 

077 Mo-anneal-contacts 

11.5 

.05 

.4 

0.3 

<0.1 

077 Mo- anneal -no 

19.35 

.504 

.710 

7.32 

.70 

contacts 






123 Ti-no anneal 

14.30 

.484 

.702 

5.14 

.7 

123 Ti-anneal-contacts 

10.0 - 

.05 

- 

0.1 

<0.1 

123 Ti -anneal -no 

14.50 

.479 

.695 

5.11 

1.0 

contacts 




~ 


• 10 HRS 

AT 800°C 





097 Base -anneal -no 

21.35 

.545 

.744 

9.20 

6.5 

contacts 




* 


077 Mo-anneal-no 

18.70 

.500 

.709 

7.01 

.6 

" contacts 
123 Ti-anneal-no 

14.90 

.479 

.694 

5.25 

.5 

contacts ' ' 






• 100 HRS AT 800°C 

097 Base -anneal -no 

18.80 

.533 

.743 

7.85 

3.0 

contacts 






077 Mo-no contacts 

18.70 

.500 

.714 

7.06 

.5 

123 Ti- anneal- no 

14.50 

.488 

.699 

5.23 

.6 


contact's 


Data given axe averages for 2-4 cells. No large spread 
of data within a given treat ent was noted. 

•j* 

AMI; no AR coating 
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Figure 16 


Effect of Aging Time at 800°C on 
Solar Cells 



s 100 Hrs 

:ure 


ce of Uncontacted Impurity-Doped 






On the basis of the experiments carried out so far we 

conclude: 

1. Cells annealed with contacts in place begin to 
degrade after 10 hours at 500°C. This observation 
is consistent with our experience on contacted cells 
from other programs (see, for example. Reference 9). 

Cell performance reduction is due to the diffusion 
of the metal contact material through the Ti barrier 
layer and subsequent degradation of junction properties. 

2. The baseline cells show no significant degradation up 
to 10 hours at 800°C, Figure 16. After 100 hours at 
800°C, the baseline cell efficiency falls to about 
80% of its untreated value. The efficiency reduction 
is due mainly to a decrease in short circuit current ♦- 

3. The Mo-doped ingot also exhibits a slight performance 
reduction after 100 hours, at 800°C. As Figure 16 
suggests, cell efficiency diminishes to about 95% of 
its unannealed value. Again the most evident change 
is a decrease in the cell short circuit current. 

4. The Ti-doped ingot shows' no change in cell efficiency 
even after 100 hours at 800°C (Figure 16) , the longest 
time and highest temperature at .which tests have been 
performed . 

If we assume that any changes in cell parameters are due to 
a diffusion-controlled mechanism, the data in Tables 9, 10, and 11 can 
be analyzed to estimate the stability of the cells operating at a 
temperature near 150°C. This preliminary analysis suggests that the 
deployed cells would remain stable (in so far as impurity effects are 
concerned) for times longer than the anticipated 20 year lifetime. 
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3.6 Photoconductive Decay. (PCD) Recombination Lifetime. Measurements 

. As part of this program we have monitored the bulk lifetime 

both- before and after processing of impurity- doped wafers 
12 

into solar cells.’ This provides a means to track any- changes in 
properties of the as-grown material when it is subjected to further 
processing steps. The work had been temporarily halted during the last 
quarter to repair the laser used for the PCD measurements and to upgrade 
the measurement system somewhat. A description of recent studies as 
well as an updated tabulation of ingot lifetime data are given below. 

3.6.1 Equipment Refinement 

A new trap light was installed in the measurement apparatus 
(see References 1 and 2 for details) which is capable of handling a 
higher density of traps. The light source is a General Electric Type 
H7635, 160,000 CP, 50 watt, quartz halogen cycle sealed beam lamp. The 
output radiation, collinated by an ellipsoidal reflector, is focussed 
by means of an f = 1 (f.l. = 15 cm) double convex lens onto the silicon 
specimen. A 0.25 mm thick silicon wafer serves as a filter after the 
lens to eliminate visible spectrum radiation, to reduce sample heating 
and to promote uniform trap filling 

3.6.2 PCD Measurements on Impurity-Doped Wafers 

The laser-excited PCD equipment is once more operational 
following repolishing of the YAG:Nd laser rod and the application of 
new AR coatings on it. An updated summary of PCD data is compiled in 
Table 12 for ingots W078 to W139. 

The format of the data tables has been changed somewhat from 
12 

that employed previously.’ Diffusion length as well as bulk recombination 

lifetime is now listed for each specimen, a feature reflecting the fact 

that diffusion length is the crucial parameter controlling carrier 

collection. Individual values of standard deviation have been deleted 

from the table, the precision of the PCD measurements having been shown 

12 

to have a probable error of 5 . 7 percent . ’ 
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The correlation between diffusion length and solar cell short 
circuit current is. expected, to be independent of base resistivity, 
silicon type or method of ingot growth. Future work will explore this 
type of correlation. 
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TABLE 12 


RECOMBINATION LIFETIME MEASURED BY PHOTOCONDUCTIVE-DECAY METHOD 
(Q-Switched Nd: YAG Laser Excitation) 


. Ingot 

Identification 

Diffusivity 

D n /D p (cm 2 /s) 

As Grown 

Lifetime Diff. Length 
(ys) L (ym) 

Post Diffusion 
Lifetime Diff. Length 
T r (ys) ' L (im) 

W078-00-000 

32.4 

8.32 

164 

— 

* --- 

W079-N/00-000 

11.7 

86 

308 

— 

— 

W080-Ph-001 

32.4 

4.39 

119 

2.48 

89.6 

W081-N/Ni-001 

10.5 

5.62 

76.8 

10.36 

104 

W082-N/V-001 

10.5 

0.25 

16.2 

0.25 

16.2 

W083-N/Fe-001 

11.7 

1.56 

42.7 . 

— 

— 

W084-A1-001 

32.4 

0.97 

56.1 

1.00 

56.9 

W085-N/Zr-001 

11.7 

140 

405 

— 

— 

W086-C-001 

32.0 

3.06 

99.0 

2.30 

85.8 

W087-Ca-001 

31.9 

2.81 

94.7 

2.08 

81.5 

W08^-Cr-001 

15.3 

0.01 

3.9 

2.23 

58.4 

wos^-cu-ooi 

15.3 

2.37 

60.2 

3.06 

68.4 

W09(f-Mn-001 

14.8 

0.06 

9.4 

— 

— 

W091-Cr/Mn-002 

32.4 

0.09 

17.1 

0.20 

.25.5 

’ W092-Ph-002 

32.2 

7.83 

159 

5 ;49 

133 

W093-Mn-004 

32.9 

0.19 3 

25.0 

0.70 

48.0 

W094-Mn-005 . 

32.4 

0.38 3 

35.1 

2.58 

91.4 

W095-Mn-006 

32.9 

0.15 

22.2 

0.38 

35.4 

W096-Mn-007 

32.9 

0.34 3 

33.4 

2.32 

87.4 

W097-00-000 

32.7 

4.78 

125 

2.66 

. 93.3 

W098-MO-002 

32.4 

1.40 

67.3 

0.89 

53.7 

W099-FZ-001 

32.2 

4.34 

118 

3.12 

100 

W100-Cu/Ti-002 

32.4 

0.30 . 

31.2 

0.37 

34.6 

W101-Fz-002 

32.7 

4.30 

119 

9.58 

177 

W102-Ti-006 

32.9 

0.21 

26.3 

0.29 3 

30.9 

W103-Ti-001 

15.1 

0.12 

13.5 

0.07 

10.3 

W104-Cu/Ti-003 

33.4 

0.16 

23.1 

0.45 

38.8 


Note 1. 

Note 2. Insufficient electrical signal for measurement. 

Note 3 Lifetime measurements subject to large errors due to extreme 
shallow trap density. 
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TABLE 12 (Cont.) 


'RECOMBINATION LIFETIME MEASURED BY PHOTOCONDUCTIVE-DECAY METHOD 


Ingot 

I dent i f i cat i on 

(Q-Switched Nd: 

Diffusivity 

•D /D (cm^/s)' 
n p v 

YAG Laser Excitation) 

As Grown 

Lifetime Diff. Length 
t r (us) L (um) 

Post Diffusion.. 
Lifetime Diff. Length 
T r (ys) ' L (im) 

W*105-V-001 

14.8 

0.07 

10.2 

0.07 

' 10.2 

W106-N/A1-002 

11.7 

16.56 

139 

— 

— 

W107-FZ/A1-001 

25.0 

2.61 

80.8 

1.65 

64.2 

W108-N/V-002 

11.5 

0.72 

28.8 

— 

— 

W109-C-002 

32.4 

3.05 

99.4 

1.72 

74.7 

W*110-Fe-001 

13.8 

Note 2 


Note 2 

— 

Wlll-Cu/V-001 

32.9 

0.15 

22.2 

0. 1.6 

22.9 

W112-Ta-001 

'32.4 

1.06 

58.6 

0.68 

46.9 

W113-Fz/Cr-001 

32.7 

0.13 

20.6 

0.65 

46.1 

W114-00-000 

7.5 

6.75 

71.2 

— 

— 

W115-N/Cu-002 

11.7 

8.39 

99.1 

, , 

— 

W116-Ph-001 

21.7 

1.61 

59.1 

2.40 

72.2 

W117-00-000 

32.4 

3.65 

109 

2.76 

94.6 

W118-Ph-003 

26.8 

4.16 

106 

.29.3 

280 

W119-N/Fe-002 

11.7 

5, 21 

78.1 

— 

— 

W120-N/Cr-'002 

11.6 

— 

— 

— 

— 

W121,-N/Ti-002 

11.5 

— 

— 

— 

— 

W122-Ti-007 

’ 32.2 

0.68 

46.8 

— 

— 

W123-Ti-008 

' i 

32.4 

0.59 

43.7 

0.41 

36.4 

W1 24 -Mo- 00 3 

32.6 

1.94 

79.5 

2.18 

' 84.3 

W125-Mo r 004 

,32.4 

1.32 

65.4 

1.46 

■ 68.8 

W-126-MULTI-1 

S V 

32.7 

0.09 

17.2 

0.97 

56.3 

W-127-FZ/TI-001 

33.2 

0.92 • 

55.3 

1.08 

59.9 

W128-TA-002 

32.4 

2.62 

92.1 

1.94 

79.3 

W-129-00-000 

— 

-7- 

— 

— 

— 

IV130-00-000 

— 

— 

— 

— 

— 

W131-Mn-008 

--- 



— 



— 


Insufficient electrical signal for measurement. 

Lifetime measurements subject to large errors due to extreme shallow 
trap density. 


Note 1. 
Note 2. 
Note 3. 


56 



TABLE 12 (Cont.) 


RECOMBINATION LIFETIME MEASURED BY PHOTOCONDUCTIVE-DECAY METHOD 
(Q-Switched Nd: YAG Laser Excitation) 


Ingot 

Identification 

Diffusivity 

D n / D p C c m 2 /s) 

As Grown 

Post 

Diffusion 

Lifetime 
r r Cfs) 

Diff. Length 
L Cum) 

Lifetime 

T r (ps) 

Diff. Lengt 
L (am) 

W-132-Ta-003- 

32.2 

2.69 

93.1 

1.65 

72.9 

W- 133-00-000 

31.9 

1.61 

71.7 

2.80 

94.5 

W-134-Ti-009 

32.7 

. 0.79 

50.8 

0.58 

43.5 

W-135-Fe-005 

32.4 

0.34 

33.2 

1.69 

74.0 

W-136-Fe-006 

31.4 

0.07 

14.8 

0.59 

43.0 

W-137-Ti-OlO ' 

32.4 

0.79 

50.6 

— 

r 

W-138-MO-005 

32.7 

1.38 

67.2 

0.97 

56.3 

W-139-MO-006 

32.2 

0.27 

29.5 

— 




W-140-Ti-Oll 


Note 1. . 

Note 2. Insufficient electrical signal for measurement. 

Note 3. Lifetime, measurements subject to. large errors due to extreme shallow 
trap density. 
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4. CONCLUSIONS 


The response of Ti or Mo-doped solar cells to gettering 
treatments at temperatures up to 1100°C for times as long as 5 hours 
remains unaffected when the base resistivity is dropped to 0.2 flcm 
from 4 ficm. The efficiency of the low and high resistivity Ti-doped 
solar cells is improved by the gettering treatment while that of the 
Mo-doped cells remains unaffected by gettering. (for the ranges of 
parameters studied so far) . 

Gettering of the Ti-doped material reduces the density of 
recombination centers. Detailed I-V measurements indicate that as 
gettering time or temperature increase above 950°C the bulk lifetime 
of the Ti-doped material improves. This increase in bulk lifetime is . 
inversely correlated with the concentration of trapping centers measured 
on the gettered material by deep level transient spectroscopy. The 
DLTS data convincingly show that POC£^ gettering does not alter the 
type of deep level (E y + 0.3 eV) present in the Ti-doped material but 
rather reduces the trap density, thus improving bulk lifetime and cell 
performance. 

Bulk lifetime (derived from I . on miniature solar cells) 

sc 

varies by about a factor of 2 across the diameter of 3 in. Mn-doped 
Czochralski ingots and by about a factor of 1.5 across a 
Ti-doped ingot. Similar seed to tang changes on bulk lifetime also were 
observed. Since lifetime is inversely proportional to impurity 
concentration we concluded that the total anisotropy in the impurity 
distribution throughout the Mn and Ti-doped ingots was at most a factor 
of 2. Moreover , what variation is present is randomly distributed. A 
change in impurity content ofthe size we. infer would induce less than a 
'+_ 10 % variation in the average cell performance, consistent with the 
magnitude we measured. 
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Ti and Mo bearing wafers heat treated at temperatures up to 
800°C and times as long as 100 hours exhibit virtually no change in 
solar cell performance compared to the unaged value. Apparently little 
or no impurity- induced performance degradation occurs for these two 
impurities. However we did observe cell performance degradation due to 
interaction of the contact metal system with the base material. After 
10 hours at 500°C contacted cells had essentially failed completely by 
this mechanism. 
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5. PROGRAM STATUS • 


The updated milestone chart is depicted in Figure 17. 

5 .'1 Present Status 

During the past quarter we: 

• Prepared seventeen Czochralski ingots for further chemical, 
microstructural, electrical and solar cell evaluation. 

• Determined the segregation coefficient of Co in silicon. 

• Measured the critical Fe, W, and Co melt impurity 
concentrations at which single crystal structure breakdown 
occurs . 

• Completed initial gettering experiments on low resistivity 
Ti and Mo doped ingots. 

• Performed detailed I-V analyses and DLTS experiments to 
elucidate gettering mechanisms in Ti-doped silicon. 

• Performed a detailed assessment of Ti and Mn impurity 
distributions across and along the lengths of commercial - 
size Czochralski ingots. 

• Completed initial studies of aging (permanence) effects 
in Ti and Mo-doped silicon solar cells. 

• Updated PCD lifetime and diffusion length measurements for 
as-grown and processed impurity-doped wafers. 

5.2 Future Activity 

During the next quarter effort will focus on [1] evaluation of 
HC£ gettering to deactivate impurities in silicon solar cells (2) modeling- 
impurity behavior in single and multiply- doped n-base silicon ingots and 
solar cells (3) impurity effects due to materials of construction and (4) 
extension of impurity aging studies to longer times and temperatures as weli. 
as other impurities. 
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7. APPENDICES 


7.1 Ingot Impurity Concentrations 

7.2 Resistivity and. Etch Pit Density of Phase III Ingots 

7.3 Carbon and Oxygen Analysis of Phase III Ingots 
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PPENDIX 7.1 


Ingot Impurity Concentration 


Ingot 

Identification 

Target 

Concentration^ 
X10 atoras/cm 

Calculated 
•Concentration 
X10 a toms /cm 

Mass Spec. 

Analysis 
X10 16 atoms/cn 

W-129-00-000 (7.6 cm.) 

NA 

NA 

NA 

W-130-00-000 (7.6 cm.) 

NA 

NA 

NA 

W-131-Mn-008 (7.6 cm.) 

0.6 

0.55 

0.55 

W-132-Ta-003 

0.0002 

0.Q009 

<0.5 

W-133-00-000 

NA 

NA 

NA 

W-134-T1-009 

0.05 

0.03 

<0.25 

W-135-Fe-005 

1.0 

0.78 

<1.5 

W-136-Fe-006 

0.3 

0.24 

<1.5 

W-137-Ti-010 

0.21 

0.21 

<0t 25 

W-138-MO-005 

0.001 

0.0008 

<0.5 

W-139-Mo-006 

0.0042 

0.0054 

<0.5 

W-140-Ti-011 (7.6 cm.) 

0.18 

0.18 

<0.25 

W-141~Mo/Cu-001 

0.004/4.42 

0.003/3.68 

<0.5/4.00 

W-142-00-000 

NA 

NA 

NA 

W-143-T1-002 

0.20 

0.17 

<0.25 

W-144-Mo-001 

0.0042 

0.0044 

<0.5 

W-145-W-001 

Max . Cone . 

Processing 

Processing 

W-146-Co-OOl 

0.55 

0.39 

0.55 

W-147-N/N1-002 

0.4 

0.33 

<1.5 

W-148-N/Mn-002 

0.60 

0.76 

0.55 

W-149-N/Fe-003 

0.60 

0.58 

<1.5 

W-150-N/V-003 

0.03 • 

0.03 

<0.15 

W -151-00-000 

NA 

NA 

NA 

W**-152-Ti-001 

0.2 

0.22 

<0.25 

W-153-N/T1-003 

0.01 

0.017 

<0.25 

W-154-N/Cr-003 

0.55 

0.71 

0.35 

W-155-N/Mo-OOl 

0.001 

0.001 

<0.50 

W-156-N/Mo-002 

0.004 

0.003 

<0.50 
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APPENDIX 7.1 


Ingot Impurity Concentration (cont.) 



Target 

Calculated 

Mass Spec. 

Lngot 

Concentration 

Concentration 

Analysis 

Edentification 

XI 0* ** ^atoms/ cm^ 

X10* ^atoms/ 

X10 1 5 atoms/ 

■7-157-N/TiVV-OOl 

Ti: 0.10 

0.08 

<0.25- 


V: 0.10 

0.12 

<0.15 

J~158-N/Ti/V/Cr-001 

Ti: 0.05 

0.05 

<0.25 


V: 0.05 

0.05 

<0.15 


Cr: 0.60 

0.55 

0.33- 

-7-15 9-N/ Cr /Mn/Ti/ V-001 

Cr: 0.4 

0,35 

0.20 


Mn: 0.4 

0.32 

0.25 


Ti: '0.02 

0.02 

<0.25 


V: 0.02 

0.02 

<0.15 

J-160-T1-001 

0.2 

0.17 

<0.25 ■ 

** 




J-161-Ti-002 

0.02 

0.03 

<0.25 

'7-162-Ni/Ti-OOl 

Ni: 1.0 

Processing 

<1.5 


Ti: 0.2 


<0.25 

tf-163-Ni/V-001 

Ni: 1.0 

Processing 

<1.5 


V: 0.4 


0.15 

W-164-Ni/Mo-001 

Ni:— 1^0 

Processing 

<1:5 


Mo': 0.004 


<0.5 

W-165-CO-002 

Co: 0.11 

Processing 

<0.55 

W-166.-Fe- 007 . 

Fe: 0.9 

Processing 

<1.5 

W-167-Nb-001 

Nb: Max 

Processing 

<0,15 

W-168-Ph-002 

35 

NA 

(110) + 

W-169-Ph-004 

47 

NA 

(136) + 

W-170-Ph-005 

66 

NA 

Processing 

W-171-W-002 

Max. Cone. 

Processing 

Processing 


* Low resistivity p-type ingot (<_ lfi-cm) . 

** 30 fi-cm p-type ingot. 

+ Value based on resistivity measurement. 
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APPENDIX 7.2 


Resistivity and Etch Pit Density 
of Phase III Ingots 


Ingot 

TGT 

Resistivity 

Actual 

Resistivity 

Etch + 

Pit Density 
( /cm 2 ). 

Identification 

• (ohm-cm) 

(ohm-cm) 

W-129-00-000 (7.6 cm) 

4.0 

(B) 

4. 7-3.0 

1 K-Gross Lineage 

W-130-00-000 (7.6 cm) 

4.0 

(B) 

4.7-3. 7 

OK-Gross Lineage 

W-131-Mn-008 (7.6 cm) 

4.0 

(B) 

6. 0-3. 8 

OK-Gross Lineage 

W-132-Ta-003 

4.0 

(B) 

3.8-3. 4 

1-20K 

W-133-00-000 

4.0 

(B) 

4. 3-3. 7 

OK-Gross Lineage 

W-134r-Ti-009 

4.0 

(B) 

4. 9-4. 4 

0-10K 

W-135-Fe-005 

4.0 

(B) 

5. 3-2.1 

0-Gross Lineage 

W-136-Fe-006 

4.0 

(B) 

’ 3. 3-2. 7 

lK-Gross Lineage 

W-137-Ti-010 

4.0 

(B) 

4. 6-4.4 

0-Gross Lineage 

W-138-Mo-005 

4.0 

(B) 

5. 0-4.1 

0-5K 

W-139-MO-006 

. 4*o 

(B) 

4. 0-2. 3 

0-Gross Lineage 

W-140-Ti-011 .(7.6 cm) 

4.0 

(B) 

3. 6-1. 7 

5K-Gross Lineage 

W-141-Mo/Gu-OOl 

4 . 0 

(B) 

4. 7-3.0 

2K-Gross Lineage 

W*-14 2-00-000 

0.2 

(B) 

0.22-0.20 

0-3K 

W*-143-Ti-002 

0.2 

(B) 

0.21-0.15 

0-Gross Poly 

W*~14 4-Mo-OOl 

0.2. 

(B) 

0.23-0.19 

0-Gross Poly 

W-145-W-001 

4 

(B) 

4. 5-4.0 

2K-Gross Poly 

W-146-Co-001 

4 

1 W 

(B) 

4. 7-4. 2 

lK-Gross Poly 

W-147-N/N1-002 

1.5 

(?) 

1. 9-1.4 

2-15K 

W-148-N/Mn-002 

1.5 

.(P) 

2. 5-2.1 

lK-Gross Poly 

W-149~N/Fe-003 

1.5 

(P) 

2. 0-1. 6 

3K-Gross Poly 

W-150-N/V-003 

1.5 

(P) 

2. 0-1. 5 

1-5K 

W**— 151— 00-000 

30 

(B) 

35.6-18.1 

0-5K 

W**-152-Ti~001 

30 

(B) 

31.9-25 

0-Gross Poly 

W-153-N/T1-003 

1.5 

(P) 

2. 1-1.1 

0-10K 

W-154-N/Cr-003 

1.5 

(P) 

2. 1-1. 4 

3K-10K 

W-155-N/Mo-001 

1.5 

(P) 

1.9-1. 8 

1-4K 

W-156-N/Mo-002 

1.5 

(P) 

1.7-1. 3 

3K-Gross Poly 

W-157-N/Ti/V-OOl 

1.5 

(P) 

2. 0-1. 6 

1-10K 

W-158-N/Ti/V/Cr-001 

1.5 

(P) 

2. 1-1. 6 

lK-gross Lineage 

W-159-N/ Cr/Mn/Ti/V-001 

1.5 

(P) 

2. 0-1. 8 

1-2K 
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APPENDIX 7.2 


Resistivity and Etch Pit Density 
of Phase III Ingots * (Continued) 


Ingot 

Identification 

TGT 

Resistivity 

(ohm-cm) 

W*— 160-Ti— 001 

1.0 

(B) 

W**-l6l-Ti-002 

30 

(B) 

W-162-Ni/Ti-001 

4.0 

(B) 

W-163-Ni/V-001 

4.0 

(B) 

W-164-Ni/Mo~001 

4.0 

(B) • 

W-165-CO-002 

4.0 

(B) 

W-166-Fe~007 

4.0 

(B) 

W-167-Nb-001 

4.0 

(B) 

W*-168-Ph-002 

0.5 

(B) 

W*-169-Ph-004 

1.0 

(B) 

W-170-Ph-005 

2.9 

(B) 

W-171-W-002 

4.0 

(B) 


Actual 

Resistivity 

(ohm-cm) 

■ Etch + 
Pit Density 
( /cm 2 ) 

1. 3-1.0 

2-8K 

31.8-21.7 

1-15K 

4. 5-4.0 

OK-Clusters 

4. 8-4. 4 

lK-Clusters 

4. 7-3. 2 

OK— Clusters 

4. 5-3. 8 

0-5K 

4 . 7-3 . 0 

OK-Gross Lineage 

4. 0-5. 7 

OK-Poly 

0.41-0.50 

3-10K 

Processing 

Processing 

Processing 

Processing 

Processing 

Processing 


* Low resistivity p-type ingot C< 1 &-cm) 

** Use of double asterisk indicates 30 ohm-cm p-type ingot 

+ The first figure is etch pit density of the seed; second figure etch 
pit density of extreme tang end of ingot. The first value shown is 
indicative of dislocation density in slices used for cell fabrication. 
Structural degredation commonly occurs at the tang end of the most 
heavily-doped ingots due to constitutional supercooling. (1) 
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APPENDIX 7.3 


Carbon and Oxygen Concentrations 
of Phase III Ingots 


Ingot Number 

W-129-00-000 

W-131-Mn-008 

W-133-00-000 

W-135-Fe-005 

W-137-Ti-010 

W-139-Mo-006 

W-14 1-Mo / Cu-001 

W^143-Ti-002 

W-145-W-001 

W-147-N/Ni-002 

W-149-N/Fe-003 

W*- 151-00-000 (30n-cm) 

W-153-N/Ti-001 

W-155-N/Mo-001 

W-157-N/Ti/V-001 

W-159-N/ Cr-Mn/Ti/V-001 

W**-l61-Ti-002 

W-163-N1/V-001 

W-165-CO-002 

W-167-Nb-OOl 

W*-169-Ph~004 

W-171-W-002 


Carbon Concentration 
x io™ atoms /cm^ 

11.3 

5.3 

10.4 

9.4 

5.3 

6.5 

8.3 
-H- 
5.8 

14.0 

6.6 

7.0 

7.5 

9.2 

5.7 

8.7 

6.0 

5.0 

11.2 

6.0 

++ 

Processing 


Oxygen Concentration 
x 10 16 atoms /cm^ 

202 

164 

117 

118 
134 
149 

156 
++ 

149 

157 
151 

. 154 

160 

183 

103 

183 

138 

128 

106 

130 

4+ 

Processing 


* low resistivity ingot 

** high resistivity ingot 

++ Due to free carrier absorption infrared methods cannot be used for 
carbon and oxygen determination in these samples. 
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